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Abstract 

We consider a fluid described by a parameterized EoS of general form 
P = (j-l)p+pa+u) H H+ujH2H' 2 +ujdHH g], where p , ua, u H 2 andu ffl 
are free parameters of the model, interacting with a Tachyonic field with 
a relativistic Lagrangian Ltf = —V((j))-\/i — di<f)d i 4). The acceleration 
of the Universe described by a scale factor o(t) = t™, (n > 1). Under 
consideration of different forms of interaction the field (f> and the potential 
V(4>) are recovered and graphical analysis performed. 
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Introduction 

In order to explain experimental data concerning to the nature of the accelerated ex- 
pansion of the Universe a huge number of hypothesis were proposed. For instance, 
in General Relativity framework, the desirable result could be achieved by so-called 
dark energy: an exotic and mysterious component of the Universe, with negative pres- 
sure (we thought that the energy density is always positive) and with negative EoS 
parameter cj < The simplest model for a dark energy is a cosmological constant 
uja = — 1 introduced by Einstein, but it suffers with the problem known as cosmo- 
logical coincidence problem, which has an important position in cosmology and asks 
why are we living in an epoch in which the densities of dark energy and matteij^] are 
comparable? One of the ways to solve the cosmological coincidence problem is to 
consider the interaction between the components, but here, before going further, we 
once more want to bring Your attention to the fact that there is not any fundamental 
explanation concerning to the nature and mathematical forms of the interaction con- 
sidering in literature over the years. Here we should mention that everything is done 
on phenomenological level. Over time many models for dark energy were proposed 
and actually as the number and nature of the origin of the models are different and 
the purpose of the article is not deal with such questions, we would like to refer our 
readers to the references of this article and references therein for a good introduction 
into the art of dark energy and dark matter. 



Field equations that governs the model of consideration read as 

Rll v _ \ g ^ R ^ = T ^ t (!) 

with FRW metric (the metric of a spatially flat homogeneous and isotropic universe) 

ds 2 = dt 2 - a(t) 2 (dr 2 + r 2 d9 2 + r 2 sin 2 Odcf) . (2) 

reduced to 

■ 2 

2 _ a p to t , . 

H ~ ^ ~ T' (3) 

- - = ^(Ptot + Ptot)- (4) 

Bianchi identities or energy conservation condition reads as 

ptot + 3^{p to t + Ptot) = 0. (5) 

where H — ~ is Hubble parameter and a is a scale factor. The mixture of our 
consideration describes by p to t and Ptot given by 

ptot — pm+ pDE ■ (6) 

and 

Ptot = Pm + PdE- (7) 



1 however the negative energy density is also an interesting subject of investigation and 
were considered by several authors including Stephen Hawking. 

2 The other dark component is a dark matter, which also could have a role in the acceleration 
of the expansion of the Universe, but we should argue, that unfortunately we have not enough 
information about that and we have to consider models on phenomenological level with hope 
to find some understanding, which is completely hard scientific research. 
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To introduce an interaction between dark energy and matter (|5| splits into two fol- 
lowing equations 

p m + 3H(p m + P m ) =Q. (8) 

and 

Pde + 3H(p DE + Pde) = -Q. (9) 

It could be understood by this way, that as there is interaction between components 
therefore there is not energy conservation for the components separately, but for the 
whole mixture the energy conservation is hold. This approach could work as long as we 
are working without knowing the actual nature of the dark energy and dark matter as 
well as about the nature of the interaction. This approach at least from mathematical 
point of view is correct. The forms of interaction term considered in literature very 
often are of the following forms: Q = 3Hbp m , Q — 3Hbpd e , Q = 3Hbp to t, where 6 is a 
coupling constant; another forms are: Q = 7/6 m , Q = 7/6de, Q = jptot, and interaction 
of general form Q — 3Hb^pi + ^p\, where i — {m, de, tot}. These kind of interactions 
are either positive or negative and can not change sign. Hereafter we introduce a type 
of interactions called as a sign-changeable interaction [l],[2] and has the following form 

Q = q(ap + 3/3Hp). (10) 

where a and /3 are dimensionless constants, the energy density p could be p m , pa e , 
ptot- q is the deceleration parameter 

H is the Hubble parameter and a(t) is a scale factor. Concluding, we would like to add, 
that by this way we import a more information about the geometry of the Universe 
into the interaction term. 

Scalar fields thought to be one of the ways of describing dark energy. For the re- 
cent investigation we will consider a scalar field given by relativistic Lagrangian and 
known as Tachyonic field [5]- 

L = —V(4>)y/1 — d^d^cf). (12) 

The stress energy tensor 

T " 1 ' = w^ dl '-aT L - (!3) 



gives the energy density and pressure as 

V 



px, - 4^- (») 



and 

p TF = -V(4,)^l-4P. (15) 
In [U a fluid was considered described by a modified equation of state 

P = (j-l)p + po + ojhH + UJH2H 2 + cu dH H. (16) 

which with po = uh = uh2 = wah = and 7 — 1 = Ub will reduce to the EoS of 
a barotropic fluid [5], where the interaction between barotropic fluid and Tachyonic 
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scalar field of the Q = 3Hbp m form was considered and field <j> as well as potential 
V(<j>) were obtained. 



Hereafter, we consider a mixture of a dark matter with EoS ( 16 1 and Tachyonic dark 



energy. Accelerating Universe will be described by a a(t) = t™, with n > 1, scale factor. 

Paper organized as follow: Field equations, metric, description of interactions, de- 
scriptions of dark energy and matter are given in introduction section. In coming 
sections the rest of investigation will be done and for each case (j> and V((f>) will be 
recovered. 



1 Non interacting case 



Absence an interaction between components of the mixture means that they evolve 
separately and (JsJ) and |9| will take the forms 



and 



p m + 3H(p m + P m ) = 0. 

pTF + 3H(p T F + Ptf) = 0. 



A solution of (17 1 accounting (16 1 reads as 



pm = poe 
For dark energy density we will get 



-3n7 



3nE. 



Ptf = 3-p- - p e 3 ™ 7 + 3nE. 



Solving (181 we obtain Ptf 



Ptf = 



Pi) 



( 7 - l) Po t-' inl + ^ * B - A. 



and taking into account that 



LUTF = = —(1 — <t> )■ 

Ptf 



for a field cf> and potential V((p) we obtain 



4> = / Vl + utot dt. 



V\<>) = - pot- 3nj + D + Cx 
> A /^+ / 9 (7-l)t- 3 ™ 7 - ~*B + A 



where A, B, C, D and E axe 

2 ( 3ujh 6 — 9n7 + SuJdH + 2ujh2 



A = C- 



t-3nt~/ t 2 (-2 + 3n-y) 



(17) 
(18) 

(19) 
(20) 
(21) 

(22) 
(23) 



(24) 
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Figure 1: The variation of V against t: Non interacting case, n = 2, po — 1, Po = 0, 
ujh = 1.5, o;h2 = 0.5 and = 1. 



2 — 3rry — 1 + 3n7 



C = 



D = l + 



3n Whs 
t 2 (-2 + 3n7)' 

UJdH tUlH 



2 - 3^7 



E : 



37n 



nuj H 



+ 



1 — 3n7 ' 
n(nto H 2 — udff) 



t-3n-yt ' (-2 + 3n7)t 2 
Analysis shows that, when free parameter po = 0, then V — > with time thus retaining 
the original property of the tachyon potential. Having a tiny non zero value for po 
it is always possible to obtain V — > with time. For fixing a reasonable diapason of 
values for parameters obtained results should be compared with observational data, 
which will be done in forthcoming articles. In this case uj to t indicates quintessence-like 
behavior during whole evolution of the Universe: from early epoch to late stage. 



2 Interacting case 

In this section we will consider different forms of interaction intensively considered 
in literature: Q = 3Hbp, Q = 7p and Q = q(ap + 3/3Hp) known as sign-changeable 
interaction. In all types of interaction under consideration p could be p m , Pde or ptot- 



2.1 Q = 3Hbp m 

With interaction term Q = 3Hbp m the solution of |8| reads as 



Pm = Pot 



+ 



6 — 7 



+ 3n Ai. 



(25) 



where A\ is 



A 1 



UJh 



t+3nt{b-j) t 2 (2 + 3n(fo- 7 ))' 
Energy density and pressure read as 

3n 2 

PTF = ~jT 2 Pm- 



(26) 
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Figure 2: The variation of V against t, Interaction: Q = 3Hbp m , Parameters: n = 2, 
po = 1, po = 0, iqh = 0.5, ljh2 = 0.5 and oj^h = 1, 6 — 0.05. 



and 

-Q - pTF 

Ptf = ^ ptf- (27) 

For a field we can use ( |23[ ) to obtain its explicit form. For the potential we have 
V(<f>) = \/—PtfPtf, where the minus will not make any problem, because Ptf < 0. 
The graphical analysis of V{<j>) and uitot are presented in (Fig. [2J and (Figj5|. From 
(Figjs]) it is clear, that in this case Lutot > — 1 and indicates quintessence-like behavior. 
V — > with time could be obtained as in the previous case. 

2.2 Q = bp m 

In this section we will use another form of interaction, which is proportional to p m . 
Presence of this kind of interaction for a matted density p m gives us 

p m = po t&-»>-Sg-A a , (28) 

where A2 is 

tuj H u dH - nuj H2 

A2 = 



-l + b + 3ny -2 + 2b + 3n7 
Following the same mathematical line as in above sections, we can recover Ptf, Ptf, 
cjtf which gives the field <j> = / yjl + oj tf dtas well as a potential V(<j>) reads as 



M/?-=^(-l + * + 7)t^-^ + ^. (29) 



where B2, C2 and D2 are 

o _ - cj dg + no; g2 tuj H 

2 ~ -2 + 26 + 3n7 -1 + b + 3nj' 

O2 = I — — h 



-2 + 26 + 3n7 -f + 6 + 3ri7' 



Figure 3: The variation of V against t, Interaction: Q — bp m , Parameters: n = 2, 
po = 1, pa = 0, 7 = 2, uih = 1.5, cj ff2 = 0.5 and w^sr = 1, 6 = 0.05. 

3tWH 3wdi/ + (2 — 3n)wjf2 



D 2 = 3 + 



-! + & + 3n7 -2 + 26 + 3n7 



For this type of interaction we were able to see that, when free parameter po = 0, then 
V — > with time thus retaining the original property of the tachyon potential. Having 
a tiny non zero value for po it is always possible to obtain V — > 0. This model with 
Wtot > — 1 indicates quintessence-like behavior. 

2.3 Q = q(ap m + 3(3Hp m ) 

Investigation of the model in case of sign-changeable interaction reveals the following 
behavior: The solution of Q gives us the following result for the energy density of a 
matter 

3„( / 3(-l + „ )+ „ 7 ) „_ q n 2 

Pm = pot »(-! + »>+" - + ^-A 3 . (30) 

p(— 1 + nj + ^7 

where A3 is 

ntujn 

3 = q(-1 + ti) + n(l - 3/3(-l + n) - 3n 7 ) ~ 

_ 3n(uj d H — TILOH2) 

2q(-1 + n) + n(2 - 3/3(-l + n) - 3n7) 
After very simple mathematics we can recover other parameters which finally gives us 
possibility to perform a graphical analysis of V{(j>) and uitot (Fig- [4]and[7f . 

PTF = Pm- (31) 
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Discussion 

A mixture of Tachyonic dark energy and a fluid with a parameterized EoS was con- 
sidered. EoS of the "new fluid" taken to be a function of a linear combination of 
Hubble parameter, power of Hubble parameter and its derivatives. From non inter- 
action between two components up to 3 different types of interactions: Q = 3Hbp m , 
Q — ap m and recently proposed interaction called sign-changeable interaction Q = 
q(af>m + 3Hbp m ) involving deceleration parameter, was considered in this article. For 
all cases we are able to recover field <f) and potential V (</))■ Graphical analysis of V evo- 
lution during time shows that we can recover real properties of tachyonic field: V — > 
with time. For some combination of the values of the parameters satisfying mentioned 
condition ujtot also was investigated. Analysis shows that for all cases uitot > —1 in- 
dicating quintessence-like behavior. By this article we would like to extend a part of 
5 , where one type of interaction: Q — 3Hbp m was considered between field and a 
barotropic fluid: a special case of the fluid considered there. 
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Figure 5: The variation of ojtot against t, Interaction: Q = 3Hbp m , Parameters 
n = 2, po = 1, po = 0, u>h = 0.5, u>H2 = 0.5 and uidH = 1, b = 0.05. 
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Figure 6: The variation of u)tot against t, Interaction: Q = bp m , Parameters: n — 2 
po = 1, po = 0, 7 = 2, loh = 1.5, ojh2 = 0.5 and u d H = 1, fe = 0.05. 

-0.56 
-0.5S 
-0.60 
-0.62 
-0.64 



2 4 6 E 10 

Figure 7: The variation of oJtot against t, Interaction: Q — q(ap m + 3(3Hp m ), Pa- 
rameters: n = 2, po = 1, Po ~ 0, ujh = 0.5, ujh2 = 1 and uidH = 1, a = 1.2 
P = 0.4. 
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